Abstract: Diabetic patients taking metformin have lower incidence of breast cancer than those taking other anti-diabetic medications. Additionally, triple negative breast cancer (TNBC), a form of breast cancer disproportionately afflicting premenopausal African American women, shows atypical susceptibility to metformin's antiproliferative effect. The mechanisms involved in metformin's function in TNBC has not yet been fully elucidated. Therefore, we sought to identify pathways regulated by metformin in using the MDA-MB-468 TNBC cell model. Metformin dose-dependently caused apoptosis, decreased cell viability, and induced cell morphology/chromatin condensation consistent with the permanent proliferative arrest. Furthermore, gene expression arrays revealed that metformin caused expression of stress markers DDIT3, CYP1A1,and GDF-15 and a concomitant reduction in PTGS1 expression. Our findings show that metformin may affect the viability and proliferative capacity of TNBC by inducing an antiproliferative gene signature, and that metformin may be effective in the treatment/prevention of TNBC.
biomarkers, triple negative breast cancer (TNBC), is disproportionately represented in premenopausal African American breast cancer patients and is a marker for shorter survival when compared with other breast cancer phenotypes. 4, 5 Due to the lack of ERα expression in TNBC, hormone-based therapies such as SERMs (selective estrogen receptor modulators) or aromatase inhibitors are ineffective modes of treatment. Additionally, therapeutic targeting of Her2 is ineffective due to the lack of Her2-expression in these tumors. As such, patients with TNBC are relegated to treatment with non-selective cytotoxic chemotherapy and the associated systemic side effects. 2 Accordingly, the development of efficacious targeted therapy for the treatment or chemoprevention of TNBC would have a dramatic impact on the premenopausal African American women who have been diagnosed with or are at risk for breast cancer.
The anti-diabetic biguanide metformin has emerged as a potential therapeutic agent in the prevention and treatment of breast cancer. 6 Moreover, it has been suggested that TNBC is specifically susceptible to the anti-proliferative and pro-apoptotic effects of metformin. 7 Indeed, both in vivo and in vitro models have shown that metformin has anti-neoplastic effects against breast cancer cells, including TNBC models. Additionally, evidence suggest that metformin inhibits epithelial to mesenchymal transition in certain cancers, a phenotype marked by increased tumor invasiveness and enhance metastatic potential. 8 Due to its potential as an anti-neoplastic agent, metformin has garnered much interest and several mechanisms of action have been identified. The canonical pathway involves activation of AMP (adenosine monophosphate)-dependent kinase (AMPK), which functions as a metabolic stress sensor, responding to increased AMP levels in the cell. AMPK activation subsequently leads to a decrease in mTOR (mammalian target of rapamycin) and increased p53 activity. 9 However, other studies have suggested that AMPK is not necessary for metformin's antineoplastic activity, suggesting that several parallel mechanisms may play a role in mediating metformin's effects. 10 Here, we investigated the effects of metformin on breast cancer cell viability/proliferation and stress-related gene expression using the MDA-MB-468 triple negative breast cancer cell model. Metformin impaired proliferation of MDA-MB-468 cells and induced phenotypic changes typically associated with cellular senescence. The induction of the senescent phenotype is prefaced with a metformin-induced gene expression signature composed of genes related to the endoplasmic reticulum stress and metabolic/ oxidative stress pathways. These studies contribute to a more detailed understanding of the mechanisms by which metformin may elicit anti-neoplastic activity in TNBC cells, and provide an impetus for its incorporation into the therapeutic armamentarium for treatment of TNBC.
Methods
tissue culture. MDA-MB-468 cells were acquired from the American Tissue Type Collection (ATCC). Cells were maintained in Dulbecco's modified eagle medium (DMEM) supplemented with 10% fetal bovine serum and 10% penicillin/streptomycin antibiotic/antimycotic. Cultures were incubated at 37°C and 5% CO 2 and sub-cultured twice weekly at a 1:4 ratio.
Crystal violet cell viability assays. MDA-MB-468 cells were plated in six well plates at a density of 1 3 10 5 cells per well. 24 hours after plating, cells were either mock treated or treated with metformin for 48 hours, cells were washed with PBS (phosphate buffered saline) and subsequently incubated for five days under normal tissue culture conditions. On day seven, cultures were washed with PBS three times and subsequently fixed in 1% formaldehyde in PBS for 10 minutes at room temperature. Plates were washed in distilled water and subsequently stained in crystal violet staining solution (0.1% crystal violet in 50% methanol) for 10 minutes. Plates were subsequently washed in distilled water to remove unbound stain. Images for crystal violet-stained plates were acquired and analyzed on the VersaDoc imaging station (Bio-Rad) as a measure of cell density. Background signal was subtracted and staining intensity normalized to untreated control (100%).
Morphological analysis. Apoptosis was determined by morphological analysis. MDA-MB-468 cells were plated and incubated in the absence or presence of metformin at indicated concentrations for 24 or 48 hours. Cells were fixed with 1% formaldehyde and analyzed by phase-contrast microscopy on an Olympus BX41 inverted microscope. To determine the effect of metformin on chromatin condensation, 2 3 10 4 MDA-MB-468 cells were plated on chamber slides, incubated with or without metformin for 48 hours, and subsequently cultured in serum free media for five additional days. Cells were fixed in 1% formaldehyde/PBS for 10 minutes, and subsequently stained in DAPI (4' ,6-diamidino-2-phenylindole). Images were analyzed for evidence of senescence-associated heterochromatin/chromatin condensation. Fluorescence imaging was performed using a BX51 epifluorescence microscope with a mounted Olympus DP72 color camera.
gene expression analysis with qrt-PCr and qrt-PCr arrays. MDA-MB-468 cells were treated for 48 hours, and RNA was isolated using Qiagen RNeasy RNA extraction in accordance with the manufacturer's instructions. RNA quality was determined using Experion automated gel electrophoresis (Bio-Rad, RNA StdSens chip). Complimentary DNA was synthesized from 0.5 μg RNA using the RT 2 first strand synthesis kit (SA Biosciences), was incubated with RT 2 SYBR green master mix (SA Biosciences), and applied to Stress and Toxicity Pathfinder arrays, version 3.0 (SA Biosciences). Confirmation with specific cDNA sequences was performed in accordance with the manufacturer's protocols, using optimized qSTAR primer pairs (Origene) qRT-PCR for DDIT3 (HP207450), GDF-15 (HP208119), PTGS1 (HP200899), and CYP1A1 (HP200471) in triplicate. All PCR amplifications were performed using an IQ5 Real Time PCR detection system (Biorad). Gene expression was normalized using the ∆∆ CT method.
results
Metformin induces proliferative arrest and apoptosis in a concentration-dependent fashion. Several studies have demonstrated that metformin has pro-apoptotic effects at concentration of 5 mM and above, a concentration which is thought to correlate with its tissue concentrations in vivo. 7 In our studies, 5-20 mM metformin caused a substantial induction of apoptosis as evidenced by the presence of apoptotic bodies at both 24 and 48 hours ( Figure 1A , black arrows). Of interest was the fact that 1 mM metformin caused morphological changes (white arrows) at 24 and 48 hours of exposure to metformin, but did not show prominent apoptosis as was evident with greater concentrations of metformin. In subsequent experiments, we determined that 1 mM metformin proved to be a threshold concentration at which impaired cell proliferation was evident at 72 hours, with a significant increase in cell viability at 0.04 mM and 0.2 mM ( Figure 1B) . Interestingly, when cells were incubated with metformin for 48 hours and incubated for an additional five days, the antiproliferative effect was still apparent, suggesting that metformin exposure caused long-term impairment of the cell proliferative capacity, with a greater than 50% decrease in staining intensity as compared to untreated control ( Figure 1C) . Still, attached and viable cells were detected even at seven days of exposure. Our studies show that metformin has a multiphase effect on tumor cells, with suboptimal concentrations leading to slightly increased cell viability, moderate concentrations causing a sustained decrease in proliferation and the higher doses initiating apoptotic cell death.
Metformin induces a senescence-like phenotype in MDa-MB-468 breast cancer cells. Since 1 mM metformin caused inhibition of cell proliferation without apparent induction of apoptosis, we sought to determine if sub-apoptotic concentration of metformin might mediate these effects by inducing cell senescence. Two hallmarks of cell senescence, cellular hypertrophy and chromatin condensation, were determined in the presence or absence of metformin. MDA-MB-468 cells were exposed to 1 mM metformin for 48 hours and microscopically observed at day seven. Heterochromatic nuclei were observed in metformin treated cells, indicative of senescence in cells previously exposed to 1 mM metformin (figure 2A, white arrows). Morphologically, cells exposed to metformin are enlarged and flattened, consistent with induction of stress-induced senescence (figure2B, white arrows). β galactosidase activity, which is considered a marker but is not required for senescence, was not increased with metformin treatment (data not shown). Together, these findings show that metformin mediates its anti-neoplastic effects in part by permanently inhibiting proliferation through inducing senescence.
Metformin induces a gene expression signature involving metabolic stress response and proliferative arrest/senescence-associated genes. Since metformin induced significant changes in cell viability and mediated a senescence-like phenotype, we sought to identify perturbations in the expression of genes involved in stress and toxicity responses using a RT-PCR array format. Arrays consist of 96 well plates containing gene specific primers for genes categorized according to their role in the following: metabolic/oxidative stress, heat shock, proliferation/carcinogenesis, growth arrest/senescence, inflammation, or apoptosis/necrosis. Genes that showed a two-fold or greater change in expression with fewer than 30 cycles of amplification were considered as significantly induced/repressed (Table 1) . Of 84 genes, four met the criteria for inclusion. (CYP1A1, PTGS1, DDIT3, and GDF-15). These genes represent two clusters of gene signature response: metabolic/oxidative stress (PTGS1 and CYP1A1), and growth arrest/senescence (GDF15 and DDIT3). CYP1A1 and PTGS1 were conversely regulated by treatment with metformin, with CYP1A1 being induced whereas PTGS1, the gene encoding cyclooxgenase 1, was decreased. DDIT3 and GDF-15, both components of the growth arrest/senescence subset of genes, were each induced by 4 cells were plated on chamber slides and after 24 hours, incubated in the presence or absence of 1 mM metformin for 7 days and stained in DAPI nuclear stain (blue). Punctate nuclear staining is indicative of stress induced cell senescence. B) Metformin causes a senescent phenotype in breast cancer cells. 10 5 cells were plated each well of a 6 plate. After 24 hours, cells were incubated in presence or absence (control) of 1 mM metformin. Cultures were released from metformin after 2 days and cultured for an additional 5 days, after which they were fixed in formaldehyde and stained with crystal violet. Cell hypertrophy is indicated by arrows. metformin administration. The gene expression signature induced by metformin is consistent with the induction of stress pathways which to culminate in growth arrest and cellular senescence.
Discussion
The overall goal of this study was to elucidate the mechanisms involved in metformin's antineoplastic effects in TNBC, and to ascertain the feasibility of metformin being employed as a therapeutic or chemopreventive agent in breast cancer. The findings of this study not only confirm that high concentrations of metformin induce apoptosis in TNBC, but also demonstrates that moderate levels of exposure to metformin induce a senescent phenotype in TNBC cells, and at concentrations below threshold level can actually promote survival. In accordance with this senescent phenotype is MDA-MB-468 cells were cultured for 48 hours in the absence or presence of 1 mM metformin after which cDNA was synthesized and applied to stress and toxicity pathway finder RT-PCR array plates. Data was analyzed by the delta delta CT method. Genes meeting the following criteria were chosen for independent confirmation with separate primer sets: 1) greater than 2 fold induction/repression, 2) CT values less than 30 in at least 1 sample 3) and melt curve profiles consistent with a single gene product. Genes meeting only 2 of these criteria are designated with an *. GDF15, CYP1A1, PTGS1, and DDIT3 are the only four of 84 test genes to meet all three criteria, and are designated in bold type. Gene names are those designated by HGNC (HUGO Gene Nomenclature Committee).
the observation that metformin modulates the expression of several genes involved in adaptive stress response in breast cancer cells. These findings lend evidence to the notion that low dose metformin may be a viable, relatively safe option in the treatment and/or prevention of breast cancer in TNBC with a high degree of tolerance for such patients.
Metformin as an option in the treatment/prevention of breast cancer. Recent studies have explored the potential role of metformin as an antineoplastic agent. After the observance that diabetic patients taking metformin experienced lower incidence of breast cancer, the prevailing thought was that treatment with metformin helped to resolve incidence of hyperglycemia and hyperinsulinemia, and thereby reducing the availability of both glucose and insulin for the support of tumorigenesis.
6,11 However, Zakikhani et al. showed that metformin, in an AMPK and mTOR dependent manor, decreased proliferation of several breast cancer cells in vitro, leading toward a model involving direct antiproliferative/apoptotic effect on breast cancer. 12 However these and most other studies have shown the antiproliferative and proapoptotic effects of metformin occur at concentrations of 5 mM or greater. More recently, studies have suggested that metformin has differential effects on distinct cell population within heterogeneous cell populations, reflecting the cell context-dependence of metformin's effect in cancer. [13] [14] [15] [16] triple negative breast cancer cell lines are differentially responsive to metformin. There has been evidence that metformin is more efficacious against triple negative breast cancer cell lines as compared to luminal and Her2 breast cancer lines. 7 A 2009 study comparing triple negative, luminal, and Her2 breast cancer cell types showed that metformin was able to induce apoptosis in triple negative cell lines, but not in those lines which either expressed ERα or overexpressed the Her2 oncogene. As evidenced in our own studies however, the apoptotic effect of metformin was shown at higher concentrations of metformin (20-30 mM) . A recent study suggests that the TNBC cells lines are commonly dependent on STAT3, and that metformin inhibits this activity. 17 Moreover, it has been shown that metformin's apoptotic effect is contingent on STAT3 inhibition, in that inhibition of STAT3 activity either pharmacologically or through siRNA-mediated silencing, potentiated the effects of metformin in TNBC cells. However, a retrospective study examining the clinical outcomes of patients with triple negative breast cancer receiving metformin in an adjuvant setting did not show a significant difference in patient survival. 18 Though limited by a relatively small number of patient samples, theses finding suggest that metformin may be most efficacious in the chemopreventive setting for TNBC.
Metformin-induced gene expression signature. Quantitative RT-PCR Stress and Toxicity pathway finder arrays were used to identify potential candidate pathways involved in the response of MDA-MB-468 cells to metformin. Four genes met the predetermined criteria for changes in expression in response to 1 mM metformin, representing two functional groupings (metabolic/oxidative stress and growth arrest/ senescence). The induction of GDF-15 and DDIT3 are associated with decreased cell proliferation. In the oxidative/metabolic stress functional grouping, metformin induces countervailing trends, with the repression of PTGS1 and simultaneous induction of CYP1A1. CYP1A1 might be expected to increase reactive oxygen species generation through enhanced oxidative metabolism. PTGS1 however, is reduced upon metformin treatment, and might be expected to result in a decrease in inflammation-related reactive oxygen species formation by breast cancer cells. However, it should not be overlooked that the cycloxygenase 1, the gene product of PTGS1, is involved in the synthesis of both inflammatory and anti-inflammatory prostanoids. As such it is difficult to determine which is the predominant effect on cellular physiology, or how that might affect cell viability and/or proliferation. 19 These arrays however suggest that suppression of PTGS1 is potentially a key signaling hub in the induction of endoplasmic reticulum stress response by metformin. It has been shown that salicylates, which are inhibitors of COX-1 enzymattic activity, result in the induction of DDIT3 downstream of the EIF2a-PERK-DDIT3 pathway. 20 Furthermore, GDF15 is strongly induced by nonsteroidal antiinflammatory drugs (NSAIDs) which target COX enzymatic activity. 21, 22 Finally, NSAID-induced activation of endoplasmic reticulum stress response, including induction of DDIT3, results in increased GDF15 expression. 23 A rational extension of these findings then, is that metformin causes transcriptional downregulation of PTGS1 and subsequent COX1 activity, resulting in DDIT3 activation and impaired proliferation. Of equal importance is the fact that, with the exception of Bax, no upregulation of apoptosis or necrosis associated genes was observed, highlighting the fact that the effect of metformin on gene expression is specific to this pathway. Thus, our proposed model for metformin effects in breast cancer cells is initiated with a reduction in PTGS1 expression, and culminating with an increased expression of DDIT and GDF15, thereby contributing to proliferative arrest and senescence ( Figure 3 ). Our findings, when taken into the context of previously published data, suggest that suppression of PTGS1 is a key signaling event in the induction of endoplasmic reticulum stress and subsequent cell senescence in breast cancer in response to metformin.
In conclusion, we have demonstrated that exposure of MDA-MB-468 cells, a model for TNBC breast cancer, to the antidiabetic drug metformin results in the induction of senescence with concomitant induction of antiproliferative genes DDIT3 and GDF-1 and repression of PTGS1. These findings are significant in that several key intermediates in metformin signaling in TNBC can be pharmacologically manipulated to synergize or otherwise enhance the anti-proliferative effects of metformin. In this model, PTGS1, which encode COX1 (cyclooxygenase 1), is transcriptionally repressed by metformin. As COX1 activity is decreased, PERK is activated, and phosphorylates EIF2a. Phosphorylated EIF2α in turn causes selective translation of ATF4, which in turn contributes to DDIT3 gene expression. DDIT3 then regulates expression of antiproliferative genes. Among these is GDF15, which has been associated with senescence in cancer. 
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